Soil fumigation is used to eliminate plant pathogens and weeds in commercial practice and to eliminate organisms in controlled experiments, e.g., vesicular arbuscular mycorrhizal fungi (VAMF). This study was conducted to study the effect of methyl bromide fumigation on plant accumulation of 14 elements and assess plant colonization by VAMF after fumigation. Field experiments were conducted near Mead, NE, on a Sharpsburg silty clay loam (fine, montmorillonitic, mesic Typic Argiudoll). Corn (Zea mays L.) sorghum [Sorghum tricolor (L.) Moench], and soybean [Glycine max (L.) Merr.] were used in the experiments. Fumigation increased Al, Br, Ca, Fe, Mg, Mn, and Si and decreased Cu, K, P, and Zn shoot concentrations in all three plants. Three weeks after germination, shoot Al was sevenfold greater in sorghum and soybean and 16-fold greater in corn from fumigated plots than in shoots from nonfumigated plots. Shoot bromide concentrations from fumigated plots were sixfold greater in sorghum and 17-to 18-fold greater in corn and soybean than shoots from nonfumigated plots. Lower P and Zn shoot concentrations from fumigated plots were attributed to fumigation-induced suppression of VAMF root colonization or an ion balance problem resulting from the enhanced uptake of Al, Br, and other ions after soil fumigation. At harvest, Al was still three-to 10-fold and Br eight-to 20-fold greater in fumigated plot stover compared with nonfumigated plots. This study shows that methyl bromide fumigation alteration of plant uptake of Al, Br, Ca, Fe, Mg, Mn, and Si should be considered when interpreting experiments using methyl bromide soil fumigation. M ETHYL BROMIDE soil fumigation is used to eliminate soil pathogens and other undesirable soil organisms (Van Berkum and Hoestra, 1979), but is nonselective and kills a wide range of organisms, including desirable organisms such as VAMF (Menge, 1982). Soil fumigation can stimulate plant growth by eliminating weeds, soil insects, and soil-borne pathogens, but this process may also stunt plant growth by exacerbating existing P deficiency due to reduction of VAMF populations in low-P soils (Haas et al., 1987; Jawson et al., 1993). Plant growth reduction has been overcome by addition of P or VAMF to soil, but addition of P without VAMF reinoculation was not as effective in overcoming P deficiency in P-fixing soils (Haas et al., 1987).
soil before horticultural crops are planted and decomposes in soil to produce inorganic Br (Hoffman and Malkomes, 1974) . Accumulation of Br in vegetable crops after fumigation has been a concern for years and in recent years the U.S. Environmental Protection Agency has also recommended that methyl bromide be phased out of use (Lantz, 1993) . However, many vegetable growers are careful to follow procedures to limit Br uptake by plants (Haas et al., 1987) and methyl bromide fumigant may be difficult to replace.
Although altered plant uptake of some cations and anions after methyl bromide fumigation has been documented (Hoffman and Malkomes, 1974; Buttery et al., 1988; Trent et al., 1989) , the effect of methyl bromide fumigation on the accumulation of Al, Fe, and Si in plants grown in nonacid soils has not been reported. Studies on plant uptake of Al are usually associated with acid soil conditions and Al toxicity (Robson, 1989) , and it is generally assumed that large quantities of Al are not taken up by plants grown in neutral or alkaline soils.
Because VAMF play a significant role in ion uptake from soil, three crops that differed in root structure and dependency on VAMF for P uptake (Abbott and Robson, 1984) were used in the primary fumigation experiment: corn, sorghum, and soybean. The order of dependency of the three crops on VAMF for P uptake were corn > soybean > sorghum. The objective of this research was to determine the effects of methyl bromide fumigation on (i) plant element accumulation, especially Al and Br, (ii) plant biomass production, and (iii) VAMF root colonization after fumigation.
MATERIALS AND METHODS
Research field plots were established on a Sharpsburg silty clay loam that had been planted to alfalfa (Medicago saliva L.) for the previous 10 yr at the University of Nebraska Agricultural Research and Development Center, Mead, NE. Treatments consisted of fumigated and nonfumigated soil planted to corn (Pioneer Hybrid 3377') fertilized with 45 kg N ha" 1 , soybean (Pella 86) inoculated with Bradyrhizobium japonicum strain (Nitragin, Lithatech, Milwaukee, WI), and sorghum (Pioneer Hybrid 8358) fertilized with 45 kg N ha~'. All plots, to check the residual effect of methyl bromide fumigation on plant performance, were planted to corn and fertilized with 45 kg N ha~' the next year.
Moldboard plow and disk tillage operations were performed prior to fumigation. Tarpaulins covered both fumigated and nonfumigated plots to duplicate any effects the tarpaulin had on the soil. Black plastic tarps 0.025 mm thick and 88 m 2 were cut and, if spliced, seams were lapped and sealed with tape and butyl rubber caulking. Plot perimeters were trenched 20 cm deep and 15 cm wide. Six fiimigant applicators with puncture rings were placed outside each plot with tubes running into equidistant-spaced containers in each plot for uniform fumigant distribution. Tarpaulin supports were placed 2 m apart within each plot. A tarpaulin was placed over each plot, anchored in the trench, and sealed by packing soil in the trench. Four kilograms of fumigant (Brom-O-Gas, Great Lakes Chemical Corp., West Lafayette, IN) containing 98% methyl bromide and 2 % chloropicrin were used per plot (455 kg methyl bromide ha" 1 ). Forty-eight hours after fumigant application, tarpaulins were removed and excess fumigant was allowed to disperse.
Corn was planted 13 d and sorghum and soybean 19 d after tarps were removed. Within-row plant spacing was 15 cm for corn, 5 cm for sorghum, and 2.5 cm for soybean. Rows were 0.75 m apart. Each plot was 6.2 by 9.2 m with 12 rows plot" 1 and a 1.5-m alley between crops. The soil was disk cultivated before planting. A thiram coating [bis (dimethylthiocarbamoyl) disulfide] was applied to seeds at 1.88 g kg""
1 corn, 1.69 g kg~' sorghum, and 2.06 g kg" 1 soybean to control seed-borne fungi. Weeds in soybean, sorghum, and corn were controlled with a preemergence application of alachlor [2-chloro-JV-(2,6-diethylphenyty-N-methoxymethylacetamide] and linuron [W-(3,4-dichlorophenyl)-A'-methoxy-A^-methylurea] at recommended rates. Corn and sorghum plots also had atrazine [2-chloro-4-(ethylamino)-6-(isopropylamino)-f-triazine] applied for weed control.
Plant shoots from 1-m 2 areas within each plot were harvested to determine leaf area, aboveground biomass, and element concentrations at 3, 6, 13, 22 wk after planting. Leaf area was measured using a LI-COR LI-3000 portable area meter (LI-COR, Lincoln, NE). Twenty-two weeks after planting, when plants were mature, grain yield was determined. Shoot and grain samples were weighed and dried at 65°C for 48 h. Plant material was ground to pass through a 0.5-mm stainless steel screen for chemical analysis. Ground shoot and grain samples were pressed into 33-mm-diam. (500-mg) pellets for determination of Al, Br, Ca, Cl, Cu, Fe, K, Mg, Mn, Mo, P, S, Si, and Zn analysis using energy dispersive x-ray fluorescence (Knudsen et al., 1981) . Kjeldahl N was determined, following sample digestion with a Tecator digestion system (Nelson and Sommers, 1980) , by automated colorimetric analysis using Cd reduction and indophenol blue (Keeney and Nelson, 1982) .
Soil samples were collected from 0-to 7.5-and 7.5-to 15-cm depths 5 wk after fumigation. Soil pH was determined on 1:1 soil/water slurry (McLean, 1982) , P by the Bray procedure (Olsen and Sommers, 1982) , and Zn by dimethyltriethylpentaacetic acid extraction (Baker and Amacher, 1982) . Bromide was extracted from the soil by water and analyzed using an ion-exchange chromatograph method and Br standards (Fixen et al., 1988) . Soil Al was extracted with 0.1 M KC1 and analyzed using the atomic adsorption method (Barnhisel and Bertsch, 1982) .
Soil samples (75-mm diam.) for root analysis were taken in 75-mm increments to 150-mm depth at 3 and 6 wk after planting. Roots were washed free of soil using the hydropneumatic elutriation system described by Smucker (1984) and collected on a 0.42-mm sieve. Recovered roots were stored in 1:1 (v/v) water/ethanol (95%) solution. After removing the debris (dead plant material, seeds, etc.), roots were stained using a modified trypan blue staining procedure (Kormanik and McGraw, 1982) and microscopically examined at 200 X magnification for VAMF root colonization (Biermann and Linderman, 1981) , VAMF arbuscule formation, and VAMF vesicle production using the line intersect method on root subsamples (Tennant, 1975) . The VAMF evaluations were expressed as a percentage of roots colonized. Colonization intensity was also visually rated on a 0 to 3 basis (0 = no colonization and 3 = complete root colonization) for each segment counted. Roots were then dried at 65 °C and weighed.
Each crop by fumigation treatment was replicated four times in a randomized, complete block design. Analysis of variance was completed using die general linear model of SAS Institute (1988) . When the F test was significant (P < 0.05), mean separations comparisons were made using the least significant difference at the 0.05 level.
RESULTS
Soil samples collected 5 wk after fumigation from the 0-to 7.5-cm depth of the fumigated plots had significantly greater amounts of extractable Br and P than the nonfumigated soils (Table 1) . Extractable P was significantly less in the 7.5-to 15-cm depth of fumigated plots. Although not statistically significant, extractable Al concentration in the 0-to 22-cm depth was greater in the fumigated than nonfumigated soil.
Three weeks after germination, corn, soybean, and sorghum shoots harvested from fumigated plots contained larger concentrations of Al, Br, and Fe than shoots from nonfumigated plots ( Table 2 ). The concentration of Al in shoots from fumigated plots, compared with shoots from nonfumigated plots, varied from sevenfold greater in sorghum and soybean to 16-fold greater in corn. Sorghum shoots grown on fumigated soil had sixfold as much Br, and corn and soybeans 17-to 18-fold more Br and twofold as much Fe as shoots from nonfumigated soil. In addition, shoots from fumigated plots had greater concentrations of Si, Mg, and Mn and lower concentrations of K, P, S, Cu, and Zn than shoots from nonfumigated plots. Phosphorus and Zn concentrations in shoots from fumigated plots were 25 to 30% less than that found in shoots from nonfumigated plots ( Table 2 ). All data that were not significantly affected by methyl bro- mide fumigation were eliminated in order to condense tables. Aluminum concentration (Tables 2 and 3 ) steadily decreased throughout the growing season as plant biomass increased. Aluminum concentration in corn dropped from 30 g kg"• at 3 wk to 4 g kg" ! in 22-wk-old stover. In soybean, Al concentration dropped from 9 g kg" 1 at 3 wk to 2 g kg" 1 in 22-wk-old stover. Aluminum concentration in sorghum dropped from 27 g kg" 1 at 3 wk to 10 g kg" 1 in 22-wk-old stover. Bromide concentrations in corn decreased from 46 g kg" 1 in 3-wk-old shoots to 14 g kg" 1 in 22-wk-old stover. In soybean, Br concentrations decreased from 9 g kg" 1 in 3-wk-old Br, g kg-
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Seed dry wt., g m- shoots to 5 g kg l in 22-wk-old stover. Bromide concentrations in sorghum decreased from 40 g kg" 1 in 3-wk-old shoots to 26 g kg" 1 hi 22-wk-old stover. At 22 wk, plant stover from fumigated plots had three-to 10-fold more Al and eight-to 20-fold more Br than plant stover from nonfumigated plots. Effects of fumigation were greatest and most prevalent on shoot Al and Br concentrations, but smaller and less consistent increases were also observed on shoot Ca, Fe, Mg, Mn, and Si concentrations. A decrease in shoot concentrations of Cu, K, and P were also attributed to the effect of soil fumigation.
Elemental concentrations hi grain were not affected by fumigation. Although shoot biomass of corn and soybean was less hi the fumigated plots than nonfumigated, grain yield of corn and sorghum was not significantly affected (Table 3 ). Soybean yield from fumigated plots was significantly greater than soybean yield from nonfumigated plots. Sorghum growth and final yield were not affected by soil fumigation.
Three weeks after germination, 24% of corn, 17% of soybean, and 9% of sorghum roots growing in nonfumigated plots were colonized with VAMF (Table 4) . In fumigated plots, 2% of corn, 1% of soybean, and 4% of sorghum roots were colonized with VAMF. At 6 wk, VAMF colonization in the 0-to 7.5-cm depth of the nonfumigated plots had increased to 4% for soybean, 13% for sorghum, and 20% for corn. But, root colonization of plants from the fumigated plots was still only 16 to 42% of the nonfumigated plants. Roots in fumigated plots were 4 to 18% colonized hi the 0-to 7.5-cm depth and 1 to 6% colonized in the 7.5-to 15-cm depth at 6 wk. In contrast, roots from the nonfumigated plots hi the 0 to 7.5-cm depth were 23 to 44% VAMF colonized and 61 to 73% colonized at the 7.5-to 15-cm depth. By 6 wk, as indicated by arbuscule formation, VAMF was very active in plants grown on nonfumigated soil (15-68%) and VAMF activity had also increased in plants grown on fumigated soil (0-16%). Although soil fumigation is used to reduce or suppress microorganisms, some of the mycorrhizal fungi survived (Table 4) or were reintroduced into the plots by cultivation or wind (Warner et al., 1987) . However, the low production of arbuscules, vesicles, and colonization intensity support that VAMF was probably not a significant factor in nutrient uptake. Arbuscules are produced by VAMF during active stages of fungal growth and development and are associated with nutrient transfer to the plant (Bonfante-Fasolo and Scannerini, 1992) . Vesicles are storage structures that store lipids; the lipids will be used by the fungus when needed. Because corn had taken up more Al and Br in the previous year, corn was seeded to all the plots to test for residual fumigation effects. At 6 wk (Table 5) , corn shoots from fumigated plots had significantly less biomass than those from nonfumigated plots, but corn after soybean had significantly more biomass than corn after sorghum or corn. However, the effect of soybean is not surprising, as soybean is a N 2 -fixing plant and would have increased available N to the corn plants. Compared with shoots from nonfumigated plots, Al and Br concentrations were 3.5 to fourfold greater in fumigated shoots. Chloride, P, and Zn concentrations were less in shoots from fumigated plots than from nonfumigated plots. At 13 wk, differences between fumigation treatments for concentrations of AL, Br, Cl, P, and Zn had disappeared. Grain yield, grain N content, and VAMF colonization were not significantly different in fumigated and nonfumigated plots in the residual study.
DISCUSSION
In most soils, active Al is controlled by pH and in acid soils with pH below 5.5, mobility and activity of Al are high. Aluminum, Ca, K, and Mg in soils are electrostatically bound to negatively charged clay particles or in organic complexes. Increased accumulation of Al, Ca, Fe, Mg, and Si following methyl bromide fumigation suggest the biocide releases cations from the edges of clay particles (C.D. Foy, 1993, personal communication) . Although not statistically different, there was an increase in Al concentration of soil extractant from 0-to 22.5-cm soil depth after fumigation.
The stunting of plants and elemental nutrient accumulations during this experiment could have been attributed to effects of fumigation on either Al toxicity or P and Zn deficiency. Aluminum toxicity symptoms are characteristically manifested in reduced root elongation, browning and death of root meristem. Toxicity symptoms in plant tops are diverse, not easily identified, and associated with reduced uptake, transport and use of Ca, Fe, K, Mg, and P (Foy, 1983) . However, decreases in Ca, Fe, and Mg concentrations are often times associated with Al toxicity; however, these decreases in nutrient content did not occur in this experiment. Decreased P and Zn concentration are normally associated with VAM fungi elimination and/or reduced VAM fungal colonization. Corn growth suppression and plant P deficiency associated with suppression of VAMF colonization after methyl bromide soil fumigation was also observed by Jawson et al. (1993) , but in a preliminary experiment (J.R. Ellis, 1986, unpublished data) , VAMF inoculation overcame growth reduction and P deficiency. Therefore, suppression of VAMF colonization has been tentatively identified as a major factor in plant stunting in this experiment, not Al toxicity.
The three crops used in this experiment were not equally affected by fumigation, as sorghum appeared to be relatively tolerant, but corn and soybean were stunted. Corn and soybean are the most dependent on VAMF for P uptake and the stunting could be associated with suppression of VAMF colonization. However, differences in crop response to fumigation could also be explained by the differential tolerance to Al within species reported for wheat, soybean, and corn (Foy, 1983) . There is a strong correlation between Al and Br plant accumulation, and the accumulation of Al and Br balances the ionic charge in the plant.
Plant accumulation of Al in similar concentrations or conditions has not been reported to date. Alien and Robinson (1980) , in a grass tetany problem, reported forage Al concentrations (14.5 g kg"') approaching those obtained in this research. In contrast, Al concentrations in this study were as great as 30 g kg" 1 in 3-wk-old corn plants and 19 g kg" 1 in mature corn stover. (Haridasan, 1982) . Few element concentrations are determined in most fumigation experiments (Buttery et al., 1988; Trent et al., 1989) , but vegetable growers often leach Br from soil after fumigation (Haas et al., 1987) . Many scientists are aware of Br plant accumulation problems but are unaware of the potential for Al plant accumulation or other elements in plants after soil has been treated with methyl bromide. Concentrations of Al, Br, and Fe in vegetative parts decreased as plants matured. Vegetative tissue had greater element concentrations than reproductive structures hi corn, sorghum, and soybean. The residual effect of fumigation was evident in the following year as Al and Br concentrations were greater in young corn plants from fumigated plots than in those from nonfumigated plots.
In conclusion, data presented here demonstrate the potential for increased accumulation of elements, especially Al and Br, by plants after fumigation. Scientists and other users of methyl bromide for soil fumigation should be aware that altered uptake of Al and other elements resulting from soil fumigation may mask or confound treatments being examined. Scientists and other users of methyl bromide for soil fumigation should also be aware of the possibility of introduction of high concentrations of specific ions into the food chain and its possible effect on health. Data presented here indicate that an increase in Al and other elements can also occur in plants after soil fumigation and may be of concern, with reports of Al accumulation in the brains of Alzheimer's patients (Gautrin and Gauthier, 1989) . Mycorrhizal inoculation at planting could reduce the negative effects of fumigation due to reduced P and Zn availability; however, the effect of VAMF inoculation on accumulation of Al and Br is unknown. The effect of high plant Al concentrations after fumigation needs to be clarified.
